Nitro-oleic acid (OA-NO 2 ), an electrophilic fatty acid by-product of nitric oxide and nitrite reactions, is present in normal and inflamed mammalian tissues at up to micromolar concentrations and exhibits anti-inflammatory signaling actions. The effects of OA-NO 2 on cultured dorsal root ganglion (DRG) neurons were examined using fura-2 Ca 2ϩ imaging and patch clamping. OA-NO 2 (3.5-35 M) elicited Ca 2ϩ transients in 20 to 40% of DRG neurons, the majority (60 -80%) of which also responded to allyl isothiocyanate (AITC; 1-50 M), a TRPA1 agonist, and to capsaicin (CAPS; 0.5 M), a TRPV1 agonist. The OA-NO 2 -evoked Ca 2ϩ transients were reduced by the TRPA1 antagonist 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-isopropylphenyl) acetamide (HC-030031; 5-50 M) and the TRPV1 antagonist capsazepine (10 M). Patchclamp recording revealed that OA-NO 2 depolarized and induced inward currents in 62% of neurons. The effects of OA-NO 2 were elicited by concentrations Ն5 nM and were blocked by 10 mM dithiothreitol. Concentrations of OA-NO 2 Ն5 nM reduced action potential (AP) overshoot, increased AP duration, inhibited firing induced by depolarizing current pulses, and inhibited Na ϩ currents. The effects of OA-NO 2 were not prevented or reversed by the NO-scavenger carboxy-2-phenyl-4,4,5,5-tetramethylimidazolineoxyl-1-oxyl-3-oxide. A large percentage (46 -57%) of OA-NO 2 -responsive neurons also responded to CAPS (0.5 M) or AITC (0.5 M). OA-NO 2 currents were reduced by TRPV1 (diarylpiperazine; 5 M) or TRPA1 (HC-030031; 5 M) antagonists. These data reveal that endogenous OA-NO 2 generated at sites of inflammation may initially activate transient receptor potential channels on nociceptive afferent nerves, contributing to the initiation of afferent nerve activity, and later suppresses afferent firing.
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Nitrated fatty acids, including nitro-oleic acid (OA-NO 2 ), nitro-linoleic acid and nitro-arachidonic acid, are present in tissues at low levels under normal conditions, and their levels are increased postprandially and during inflammation (Ferreira et al., 2009; Rudolph et al., 2010) . These agents elicit a variety of cellular effects, including activation of peroxisome proliferator-activated receptor ␥, signal transducer and activator of transcription 1, nuclear factor erythroid 2-related factor 2, and mitogen-activated protein phosphatase 1 signaling pathways, as well as induction of heme oxygenase 1 expression and inhibition of nuclear factor-Bdependent gene expression (Ichikawa et al., 2008; Li et al., 2008; Kansanen et al., 2009; Wright et al., 2009) . Exogenous administration of nitrated fatty acids mediates anti-inflammatory effects in cell and animal models. Nitrated fatty acids, bearing a nitroalkene configuration, are electrophilic and modulate intracellular signaling pathways by undergoing post-translational protein adduction reactions that target nucleophilic residues, such as cysteine and histidine (Baker et al., 2007; Li et al., 2008; Nadtochiy et al., 2009; Rudolph et al., 2010) .
The TRP family of ion channels, including TRPV1 and TRPA1, have ankyrin-like repeats in the N terminus that are rich in cysteine residues (Bandell et al., 2007; that react with electrophiles and other thiol-modifying species (Bandell et al., 2007; Macpherson et al., 2007; Salazar et al., 2008) . TRP channels, which are expressed in nociceptive afferent fibers, can mediate neurogenic inflammation and pain induced by noxious chemicals or thermal stimuli. TRPV1, the temperature-acid-sensing receptor activated by capsaicin (CAPS) (Montell et al., 2002) , and TRPA1, the cold-temperature-noxious chemical sensory channel activated by allyl-isothiocyanate (Bandell et al., 2007; Macpherson et al., 2007) , both stimulate nociceptive afferent terminals and stimulate the release of neurotransmitters, e.g., neurokinins that induce plasma extravasation and mast cell activation. In addition, neurokinins released at afferent terminals could act in an autofeedback manner to enhance firing in dorsal root ganglion (DRG) neurons (Sculptoreanu and de Groat, 2007) and enhance TRPV1 activity . Induction of hyperexcitability of DRG neurons is a feature of various inflammatory conditions such as cyclophosphamide-induced cystitis (Yoshimura and de Groat, 1999) , gastric ulcer (Dang et al., 2004) , pancreatitis (Xu et al., 2006) , and feline interstitial cystitis (Sculptoreanu et al., 2005) .
Here, the effects of nitro-oleic acid on the properties of nociceptive afferent neurons expressing TRPV1 and/or TRPA1 channels were evaluated to determine whether neural actions might contribute to the anti-inflammatory effects of OA-NO 2 . The results indicate that OA-NO 2 elicits multiple effects on cultured DRG neurons from adult rats, including activation of TRPV1 and TRPA1 channels and suppression of excitability and action potential (AP) generation and inhibition of voltage-dependent Na ϩ currents.
Materials and Methods
Cell Isolation. Neurons were isolated from L4-S3 DRG of adult male rats using methods described previously . In brief, freshly removed ganglia were minced and enzymatically digested at 37°C for 10 min in Dulbecco's modified Eagle's medium (DMEM) containing 2.5 mg/ml trypsin, followed by 50 min in DMEM containing 2.5 mg/ml collagenase D (Boehringer Mannheim Corp., Louisville, KY) and 4 mg/ml trypsin inhibitor type 2S (Sigma-Aldrich, St. Louis, MO). The ganglia were then dissociated mechanically by trituration using siliconized Pasteur pipettes. The cell suspension was layered on DMEM containing 50% bovine serum and centrifuged for 10 min at 800 rpm (150g) at room temperature to remove most of the debris and broken cells. After withdrawing the supernatant, the pellet containing neurons was resuspended in DMEM containing 10% heat-inactivated horse serum and 5% fetal bovine serum and then plated on collagen-coated 35-mm petri dishes (BioCoat; BD Biosciences, Franklin Lakes, NJ) and kept in a 95% air and 5% CO 2 incubator at 37°C until recording. For Ca 2ϩ imaging, neurons were plated on collagen-coated glass coverslips. Medium was replaced after 2 h of incubation. Cells were used within 4 to 48 h after dissociation for Ca 2ϩ imaging and within 2 to 5 days for electrophysiology.
Calcium Imaging. DRG neurons were loaded with fura-2 acetoxymethyl ester (2 M; Invitrogen, Carlsbad, CA) for 30 min at 37°C in an atmosphere of 5% CO 2 . Fura-2 acetoxymethyl ester was dissolved in the bath solution (Hanks' balanced salt solution; HBSS) containing 138 mM NaCl, 5 mM KCl, 0.3 mM KH 2 PO 4 , 4 mM NaHCO 3 , 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 5.6 mM glucose, pH 7.4; 310 mOsm/l) to which bovine serum albumin (5 mg/ml; Sigma-Aldrich) was added to promote dye loading. Fura-2 Ca 2ϩ imaging was performed as described previously . In short, coverslips were placed on an inverted epifluorescence microscope (IX70; Olympus, Tokyo, Japan) and continuously superfused with HBSS. Fura-2 was excited alternately with UV light at 340 and 380 nm, and the fluorescence emission was detected at 510 nm using a computer-controlled monochromator. Image pairs were acquired every 5 to 30 s using illumination periods between 100 and 250 ms in duration. Wavelength selection, timing of excitation and acquisition of images, were controlled using the program CImaging (Compix Inc., Cranberry Township, PA). Digital images were stored for off-line analysis.
Drugs were dissolved in external solution from concentrated stock solutions and delivered via bath application using a gravity-driven application system. A stock solution of capsaicin (33 mM) was made in 10% ethanol, 10% Tween 80, and 80% physiological saline. A stock solution of allyl isothiocyanate (AITC; 600 mM) was made in dimethyl sulfoxide (DMSO) and further diluted in HBSS to final concentration. A stock solution of OA-NO 2 (70 mM) was prepared in ethanol and diluted in HBSS to final concentration. The TRPA1 antagonist HC-030031 (Hydra Biosciences, Inc., Cambridge, MA) was dissolved in DMSO (100 mM), and the TRPV1 antagonist capsazepine (Sigma-Aldrich) was dissolved in DMSO (10 mM) before serial dilution in HBSS. Dithiothreitol (DTT; Sigma-Aldrich) was dissolved in aqueous buffer. The OA-NO 2 was synthesized as described previously . At final concentrations, vehicle solutions did not alter intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ). The water-soluble NO scavenger carboxy-2-phenyl-4,4,5,5-tetramethylimidazolineoxyl-1-oxyl-3-oxide (cPTIO; Maeda et al., 1994) was prepared in the recording buffer at 100ϫ the final concentration just before doing the experiments.
Image Analysis. Image analysis was performed using the program C-Imaging (Compix Inc.). Background was subtracted to minimize camera dark noise and tissue autofluorescence. An area of interest was drawn around each cell, and the average value of all pixels included in this area was taken as one measurement. The ratio (R) of fluorescence signal measured at 340 nm, divided by the fluorescence signal measured at 380 nm, is proportional to [Ca 2ϩ ] i . Baseline [Ca 2ϩ ] i was determined from the average of five to eight measurements obtained before drug application. The agonists were applied alone, washed out, and then applied again in the continuous presence of an antagonist. Amplitudes of peak [Ca 2ϩ ] i responses were computed as the difference between the peak value and the baseline value. To be considered a drug-induced response, changes in [Ca 2ϩ ] i had to occur within 2 to 3 min after drug application, and the amplitudes had to exceed baseline by 2 S.D.s. The results are given as changes in R before and after drug application and as percentage increase of R (⌬R/R) above resting levels of [Ca 2ϩ ] i . Data analysis was performed using Excel (Microsoft, Redmond, WA), Origin (OriginLab Corp., Northampton, MA), and Prism 4 (GraphPad Software Inc., San Diego, CA).
Electrophysiology. Gigaohm-seal recordings of CAPS currents were obtained in DRG neurons using whole-cell patch-clamp techniques. Neurons from cultures older than 5 days that exhibited extensive processes and large slowly decaying capacitive currents were excluded in our analysis. Patch pipettes were pulled from capillary glass tubes (Accufil 90; Clay-Adams, Batavia, IL) and fire polished. Immediately before recording, the serum-containing medium was replaced with phosphate-buffered saline. Whole-cell currents were voltage-clamped using an Axopatch 200A amplifier (MDS, Inc. Toronto, ON, Canada). Pulse generation, current recording and data analysis used pClamp software (MDS, Inc. Toronto, ON, Canada). Currents were sampled at 500 s and filtered at 2 kHz. Capacitive currents and up to 80% of the series resistance were compensated.
The extracellular solution for patch clamping was Dulbecco's phosphate buffer (Sigma-Aldrich), which contained 138 mM NaCl, 2.6 mM KCl, 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , 1.5 mM KH 2 PO 4 , and 8.1 mM Na 2 HPO 4 . The pipette (intracellular) solution contained 120 mM KCl, 10 mM K 2 HPO 4 , 10 mM NaCl, 2 mM MgCl 2 , 1 mM EGTA, and 10 mM HEPES, with pH adjusted to 7.4 with HCl. To this solution Mg-ATP (3 mM), cAMP (0.3 mM), and Tris-GTP (0.5 mM) were added just before the experiments. Capsaicin (Calbiochem-Novabiochem, San Diego, CA), the TRPA1 agonist allyl isothiocyanate (Sigma-Aldrich), and the TRPA1 antagonist HC-030031 (Hydra Biosciences, Inc.) were dissolved in DMSO (100 mM). Drugs were used at less than 0.01% of their stock concentration. At these dilutions, DMSO alone did not elicit membrane currents or change firing. Stock solutions (10 -100 mM) were stored at Ϫ20°C and diluted in the external recording solution just before experiments. The TRPV1 antagonist diarylpiperazine, a gift from Neurogen (Branford, CT), was used in these experiments instead of capsazepine because it is a potent and selective TRPV1 inhibitor (K i ϭ 6 nM for inhibition of acid pH-evoked responses and 35 nM for inhibition of CAPS-evoked responses; Sculptoreanu et al., 2008) . However, it could not be used in the imaging experiments because it interfered with the Ca 2ϩ measurements. Extracellularly applied drugs were pipetted from stock solutions at 50 times the final concentration and rapidly mixed in the recording chamber as described previously . Effects of each drug concentration were measured for periods up to 5 to 8 min before changing the drug concentration or adding a new drug.
Firing and Na ؉ Currents. Action potentials were generated by rectangular current pulse injections 5 ms long and 50 to 500 pA in intensity, followed by a 100-ms interpulse at the holding potential and a second pulse, 600 ms long. In general, the sequence consisted of at least two control recordings of evoked APs followed by pharmacological studies in which OA-NO 2 evoked currents or Na ϩ -currents before and after application of OA-NO 2 were measured in voltageclamp followed by a second recording of APs. In some experiments, time course of the effect of OA-NO 2 was monitored by repeating the above-mentioned sequence at stimulus intensity just above that required to evoke an action potential. The activation curves of Na ϩ current were determined by a rectangular pulse 200 ms in duration and changed from Ϫ120 to 40 mV in steps of 6 mV. Peak currents were plotted against the test pulse potential.
Agonist-Activated Inward Currents. Whole-cell currents evoked by CAPS, AITC, or OA-NO 2 alone were normalized to membrane capacitance in each cell, averaged, and fitted with an equation consisting of one exponential for the rising phase and two exponentials for the decaying phase of the form y ϭ f 1 ϩ f 2 , where f 1 is the rising phase [f 1 ϭ a ϫ (1 Ϫ exp(Ϫ(x Ϫ l 1 )/ RISE )) ϩ c 1 ], and f 2 is the decaying phase of the response [
, where x is time; l 1 Ϫ l 3 are lag times; a, b, and d are best-fit amplitudes of currents normalized to the peak; and RISE , Decay-fast , and Decay-slow are rising phase time constant and fast-and slow-decaying phase time constants, respectively. The lag time (time between application of OA-NO 2 and onset of the response) was also determined empirically.
The effects of either the TRPV1 (diarylpiperazine) or the TRPA1 (HC-030031) antagonist on OA-NO 2 current were evaluated by applying the antagonists within 100 to 200 s after application of OA-NO 2 during the declining phase of the OA-NO 2 current. Cells were considered responsive to the antagonists if the decay of the OA-NO 2 -evoked currents was significantly enhanced within 2 to 5 s after antagonist application. The magnitude of the antagonist effect was obtained by comparing the time course of the current after an antagonist to a predicted time course based on the average decaying phase of control OA-NO 2 currents (n ϭ 5 cells). The average control curve was constructed by normalizing control responses in each cell to the peak amplitude of the current and then fitting with the sum of three exponentials as described above. The fractional block induced by the antagonist in each cell was then obtained by measuring the maximal difference between the current after the antagonist and the averaged control current. To graph the average responses from multiple cells, an average time of antagonist application (i.e., time after application of OA-NO 2 , which varied between 100 and 200 s) was calculated and then the curves from individual experiments were scaled to match the average fraction of current remaining (referenced to the peak current) at the time of antagonist application. The individual curves were then averaged and the resulting data for the decay of currents in the presence of antagonists were fitted with a single exponential.
Statistics. Results are reported as mean Ϯ S.E.M. Statistical testing was carried out using a stepwise procedure depending upon the number of groups being compared. When only two means were involved in a comparison, a two-tailed t test with unequal variances was used. A comparison was considered statistically significant if p Ͻ 0.05. When more than two means were involved, a one-way analysis of variance was first carried out to obtain a global test of the null hypothesis. If the global p value for the test of the null hypothesis was Ͻ0.05, we performed post hoc comparisons between the different groups using the Holm-Sidak test (Kuzma and Bohnenblust, 2005) . transients were detected at lower concentrations of OA-NO 2 , higher concentrations (3.5-35 M) were tested in Ca 2ϩ imaging experiments to increase the number of cells giving a detectable signal.
Results

Comparison of Intracellular
AITC (1-100 M; 30-s application), a TRPA1 agonist, also produced transient increases in intracellular Ca 2ϩ concentration in 5 to 35% of neurons tested ( Fig. 1 , Aii, B, and C). At concentrations of AITC Ն10 M, the amplitude of the responses (Fig. 1B , gray bars) and the percentage of responding cells (Fig. 1C , gray bars) were similar to those induced by OA-NO 2 . A second application (10 M) produced a response that was smaller but not significantly different in amplitude (first application, 129.2 Ϯ 21.6 ⌬R/R; second application, 100.9 Ϯ 17.5 ⌬R/R; n ϭ 26 cells; p Ͼ 0.05). Short applications of CAPS (5-10 s; 0.5 M) increased intracellular Ca 2ϩ concentration in 77.7% DRG neurons (Fig. 1 , Aiii, B, and C, black bars). As shown previously , responses to CAPS desensitized with repetitive applications (decreased to 82 Ϯ 14% of control after fourth application; p Ͻ 0.05). Among the three agents, CAPS produced the largest Ca 2ϩ transients and in the highest percentage of cells. All responses were detected in small-to medium-diameter cells (diameters of 10.3-26.7 m; average, 18.9 Ϯ 0.7 m; n ϭ 417 cells). The average diameters of cells responding to OA-NO 2 , AITC, or CAPS were not significantly different.
To determine whether neurons could respond to multiple agonists, the three agents were tested in the same neurons in jpet.aspetjournals.org the following order: OA-NO 2 (3.5 M), AITC (10 M), and CAPS (0.5 M). The majority of the OA-NO 2 -responsive neurons (79%; 30/38 cells) were both CAPS-and AITC-responsive ( Fig. 2A) . However, small percentages of OA-NO 2 cells responded to CAPS and AITC as follows: to AITC but not to CAPS (7.9%); to CAPS but not to AITC (10.5%); or did not respond to either AITC or CAPS (2.6%; Fig. 2B ).
To determine whether the OA-NO 2 responses were due to activation of TRP channels, the effects of TRPA1 (HC-030031) and TRPV1 (capsazepine) antagonists were examined. HC-030031 (5, 20, and 50 M) completely blocked OA-NO 2 responses (n ϭ 61 cells), as well as the AITC responses (n ϭ 34 cells) but did not block CAPS responses (n ϭ 15 cells) (Fig. 3A) . The responses to AITC recovered approximately 15 min after washing out the antagonist (n ϭ 20 cells). Capsazepine (10 M) greatly reduced the responses to OA-NO 2 (64.6 Ϯ 11.9% reduction from 154.7 Ϯ 24.8 to 45.9 Ϯ 13.9; n ϭ 19 cells; paired t test, p Ͻ 0.05) (Fig. 3B ) and completely blocked CAPS responses (n ϭ 19 cells) but had no effect on AITC-evoked Ca 2ϩ transients. In contrast, DTT (10 mM) abolished OA-NO 2 responses (n ϭ 10 cells) but did not block AITC-(n ϭ 7 cells) or CAPS-evoked (n ϭ 9 cells) responses (data not shown).
Patch-Clamp Recording: Currents Evoked by OA-NO 2 . Patch-clamp experiments were conducted on 55 lumbosacral (L4-S3) small-to medium-sized DRG neurons ranging from 20 to 30 m in diameter, with an average membrane capacitance of 45 Ϯ 2 pF, a resting membrane potential of Ϫ53 Ϯ 2 mV, and membrane resistance of 224 Ϯ 15 M⍀. Cells were tested for their responsiveness to CAPS (Fig. 4Ai) , AITC (Fig. 4Aii) , and -OA-NO 2 (Fig. 4Aiii) . Thirty-three (62%) of these cells responded to OA-NO 2 (Fig. 4Aiii) in a concentration-dependent manner (0.005-0.5 M; Fig. 4B ), with inward currents ranging in magnitude from 0.2 to 17 pA/pF. The number of cells responding to OA-NO 2 increased with increasing OA-NO 2 concentrations from 0.005 to 0.5 M (43-62%). Concentrations of oleic acid as high as 5 mM failed to induce inward currents in DRG neurons (n ϭ 8), which responded to OA-NO 2 .
Cell Responses to OA-NO 2 and TRP Channel Agonists. Among the 55 cells studied, OA-NO 2 (0.005-0.50 M) was tested alone in 15 cells (Fig. 4Aiii) , and the remainder was also tested for responses to the subsequent application of either AITC (0.5 M; n ϭ 8; Fig. 4Aiv ), CAPS (0.5 M; n ϭ 18), or to CAPS (0.5 M) followed by AITC (0.5 M; n ϭ 14; Fig. 4Av ). The CAPS-and AITC-responsive cells had resting membrane potentials similar to those of the total population of cells studied and were of similar size and average membrane capacitance (58 Ϯ 4 pF). Among this population of cells, 63% (14 of 22 cells) responded to 0.5 M AITC (Fig. 4A , iv and v), and 65% (21 of 32 cells) responded to CAPS (Fig.  4Av and B) , with inward currents 50 pA to 10 nA in amplitude. Compared with responses to CAPS alone or AITC alone, CAPS and AITC responses were smaller in amplitude after application of 0.05 M OA-NO 2 (Fig. 4B ). Of 18 cells tested with a combination of OA-NO 2 and CAPS (Fig. 4Ci) , 50% responded to both agents, 27.8% did not respond to either agent and the remainder responded only to OA-NO 2 (11.1%) or only to CAPS (11.1%). Likewise, when cells were tested with OA-NO 2 and AITC in sequence (Fig. 4 , Aiv and Cii), 50% (four of eight cells) responded to both agents, 37.5% (three of eight) did not respond to either agent, and 12.5% (one of eight) responded to AITC but not to OA-NO 2 . In the population of cells tested for all three agents (Fig. 4Av) , seven cells responded to all three agents and four did not respond to any agent with an inward current. To establish the overlap of TRPV1 and TRPA1 expression, 14 neurons tested with CAPS and AITC in sequence (Fig. 4Ciii) , seven (50%) responded to both CAPS and AITC, three (21%) responded to CAPS but not AITC, and four (29%) did not respond to either agonist. When normalized to cell membrane capacitance, the amplitude of the currents elicited by 0.5 M OA-NO 2 (Ϫ13 Ϯ 3 pA/pF; n ϭ 32) was similar to currents elicited by AITC (0.5 M; Ϫ18.7 Ϯ 3 pA/pF; n ϭ 5; p Ͼ 0.1) and CAPS (0.5 M; Ϫ15 Ϯ 2 pA/pF; n ϭ 46; p Ͼ 0.1), but smaller than currents elicited by a combination of AITC and CAPS (0.5 M each; Ϫ30 Ϯ 11 pA/pF; n ϭ 4; p Ͼ 0.1).
Comparison of Currents Evoked by OA-NO 2 and TRP Channel Agonists. Data on the kinetics of the agonist evoked currents were obtained from cells where multiple drugs were applied continuously and cumulatively in the following order: OA-NO 2 , CAPS, and AITC and where CAPS or AITC were administered after partial desensitization of the current induced by the previously administered agents as shown in Fig. 4A , iv and v. The OA-NO 2 -evoked currents had activation rates that were concentration-dependent (faster at higher concentrations; Fig. 5 , A, C, and E) and desensitized slowly (Fig. 5, A, F , and G) in the presence of the drug. Compared at the same agonist concentration (0.5 M; Fig. 5 ), the parameters relating to the onset time (time to peak, lag time, and rising phase time constant; Fig. 5 , C-E) were significantly slower for OA-NO 2 -evoked currents than for CAPS-(0.5 M) or AITC (0.5 M)-evoked currents (p Ͻ 0.001). The decay of the currents evoked by the three agonists (0.5 M; Fig. 5 ) appeared to consist of two decaying phases, one fast and the other slow, which could be fitted by a sum of two exponential equations (see Materials and Methods) . The decay time constants of the two phases were similar for the three agonists. However, the magnitude of the slow phase of the OA-NO 2 -evoked currents was much larger (Ͼ50% of the best-fit peak amplitude) than the slow phase (Ͻ50% of the best-fit peak amplitude) of the CAPS or AITC currents. Thus, the AITC-and CAPS-evoked currents that had a larger contribution from the more rapidly decaying component (Fig. 5, A and B) exhibited a more rapid desensitization.
Effect of Selective TRPV1 and TRPA1 Antagonists on OA-NO 2 -Evoked Currents. The effects of TRPV1 (diarylpiperazine; 5 M) and TRPA1 (HC-030031; 5 M) antagonists on OA-NO 2 -induced currents were examined by applying the antagonists in the presence of OA-NO 2 after the peak (Figs. 6 and 7 ). Cells were considered responsive to antagonists if the decay of the OA-NO 2 -evoked currents was significantly enhanced within 2 to 5 s after antagonist application (Fig. 6D, inset) . For simplicity, the decay time constants immediately before the application of the antagonists and during the effect of antagonists were each fitted with a single exponential curve (Fig. 7) . Application of either antagonist after the OA-NO 2 currents had reached a peak and were declining (Fig. 6) increased the decay time constants by more than 4-fold. The rate of decay in the presence of antagonist eventually reached a steady state that paralleled the rate of decay of OA-NO 2 currents in the absence of the antagonists (Figs. 6D, inset, and 7) . At this point, we assumed that the effect of the antagonist had reached a plateau and therefore the magnitude of the block had reached a maximum. The magnitude of the antagonist effect was obtained by comparing the time course of the current after an antagonist to a predicted time course based on the average decay phase of control OA-NO 2 currents (n ϭ 5 cells). The average control curve was constructed by normalizing control responses in each cell to the peak amplitude of the current and then fitting with the sum of three exponentials as described under Materials and Methods. The fractional block induced by the antagonist in each cell was then obtained by measuring the maximal difference between the current after the antagonist and the averaged control current. The inset in Fig. 6D shows examples from two cells in which diarylpiperazine was applied at different times in the presence of OA-NO 2 . The rate of decay in the presence of antagonist was independent of the time it was applied after OA-NO 2 (Fig. 6D, inset) . We assume that when in the presence of antagonist the desensitization rates approach those seen before addition of antagonist, the blocking effect of the antagonist has reached a steady state and therefore the block would be less than 100%. (ii), and OA-NO 2 (0.5 M) (iii) in different cells. In another set of experiments agonists were applied in sequence in the same cell: OA-NO 2 (0.05 M) followed by AITC (0.5 M (iv) and OA-NO 2 (0.05 M) followed by CAPS (0.5 M) and AITC (0.5 M) (v). B, average peak current densities (pA/pF) evoked by three concentrations of OA-NO 2 alone or in a combination of OA-NO 2 (0.05 M). Absolute responses after sequential administration of either CAPS (0.5 M; CAPS post-OA-NO 2 ) or AITC (0.5 M; AITC post-OA-NO 2 ) were obtained by subtracting the steady state OA-NO 2 (0.05 M) current from the total peak current. For comparison, currents in response to either CAPS (0.5 M; n ϭ 46) or AITC (0.5 M; n ϭ 5) were obtained in separate experiments. In both sets of experiments, prior application of OA-NO 2 significantly reduced the response to either CAPS (p Ͻ 0.001) or AITC (p Ͻ 0.05). The responses of combined administration to CAPS and AITC (0.5 M each) are also shown. Peak currents after addition of each drug were measured separately and presented as the sum total of all currents; C, number of neurons that responded to a combination of OA-NO 2 and either CAPS (i) or AITC (ii). Number of neurons that responded to CAPS and AITC applied sequentially after OA-NO 2 (iii). Unhatched areas indicate responses to a single agent and hatched areas indicate responses to both agents. Number of neurons that did not respond to any of the agonists tested in each group is also shown below the diagrams. Srinivasan et al., 2008) are potent and selective antagonists of TRPA1 and TRPV1 channels, we would expect that at the relatively high concentrations used in our experiments (5 M), one of the antagonists would rapidly and fully block the OA-NO 2 -evoked currents if OA-NO 2 only activated one type of TRP channel. The selectivity of diarylpiperazine for TRPV1 was shown in two neurons responding to AITC in which the TRPV1 antagonist did not affect the decay of the AITC inward current but HC-3030031 fully blocked the current (data not shown). In three additional neurons that did not respond to CAPS but did respond to AITC and OA-NO 2 , the TRPV1 antagonist did not affect the decay of the inward currents, but HC-3030031 fully blocked the currents (data not shown). The effects on OA-NO 2 currents of antagonists applied at a concentration (5 M) that completely blocked the currents evoked by either CAPS or AITC varied in different cells, ranging from 28 to 100% for diarylpiperazine and from 21 to 100% for HC-030031. In some cells diarylpiperazine (n ϭ 5 of 9 cells) or HC-030031 (n ϭ 4 of 8 cells; Fig. 6A ) alone fully blocked the currents evoked by OA-NO 2 (Fig. 6A) . However, in other cells diarylpiperazine produced only a partial block (n ϭ 2) or no block (n ϭ 2). A similar result was obtained with HC-030031, which produced a partial block in two cells and no effect in two additional cells.
To graph the average responses from multiple cells, an average time of antagonist application (i.e., time after application of OA-NO 2 , which varied between 100 and 200 s) was calculated, and then the curves from individual experiments were scaled to match the average fraction of current remaining (referenced to the peak current) at the time of antagonist application. The individual curves were then averaged and the resulting data for the decay of currents in the presence of antagonists were fitted with a single exponential. Curves were averaged (Fig. 7, filled circles) , and the resulting data were fitted with a single exponential (Fig. 7, dashed lines) . On average, diarylpiperazine produced a slightly larger block (56 Ϯ 8%; p Ͻ 0.05) than HC-030031 (48 Ϯ 7%; Figs. 6D and 7). In 10 cells, combined administration of the two antagonists applied sequentially (Fig. 6, C and D) produced a greater block (87 Ϯ 9%; p Ͻ 0.01) than the block induced by either antagonist alone.
In cells treated with both antagonists (n ϭ 4) or in cells in which application of a TRPV1 (n ϭ 2) or a TRPA1 (n ϭ 3) antagonist only partially blocked the currents, application of the reducing agent DTT (10 mM; n ϭ 13) inhibited fully the remaining currents evoked by OA-NO 2 after partial block with the antagonists (Fig. 6, B and D) . The average block of OA-NO 2 -evoked currents by DTT applied alone was 95 Ϯ 2% (n ϭ 9). The p values in Fig. 6D were determined using one sample test of proportions (Kuzma and Bohnenblust, 2005) . 
Downloaded from
Effect of OA-NO 2 and Antagonists on Membrane Potential and Firing. OA-NO 2 reduced the resting potential by 5 to 50% in a concentration-dependent manner (Fig. 8, A and B). The depolarization induced by OA-NO 2 (Fig. 8A) when applied cumulatively at increasing concentrations did not evoke firing (Fig. 8A) . Depolarization in response to 0.5 M OA-NO 2 was partially reversed (20 -70%) by application of HC-030031 (5 M; n ϭ 3) or diarylpiperazine (n ϭ 2).
When the membrane potential was held at Ϫ57 mV, application of rectangular depolarizing current pulses 50 to 500 pA in amplitude and 600 ms in duration elicited one to eight action potentials. The number of APs in cells responsive to CAPS (2.6 Ϯ 0.9 APs/600 ms; n ϭ 11), AITC (3.1 Ϯ 1 APs/600 ms; n ϭ 8), or OA-NO 2 (3.2 Ϯ 1 APs/600 ms; n ϭ 21) (Table 1) was similar to the AP number (4.1 Ϯ 1 APs/600 ms; n ϭ 9) (Table 1) in cells that did not respond to these agents (Table 1) . The voltage threshold of APs and AP overshoot were also indistinguishable in OA-NO 2 -responsive and OA-NO 2 -unresponsive cells (Table 1) .
In 14 cells that responded to various OA-NO 2 concentrations (0.005-0.5 M) with an inward current or membrane depolarization, and after adjusting the holding voltage to Ϫ57 mV to compensate for the OA-NO 2 -evoked depolarizations, there were substantial changes in AP generation, notably an increase in the voltage threshold for induction of firing. There was also an increase in the intensity of depolarizing current injection required to generate APs, a decrease in overshoot of the AP, and an increase in the duration of APs (Fig. 8) . There was also a decrease in the number of APs triggered by long-duration current injections (600 ms; Fig. 8E ). These changes in firing parameters were not reversed by application of HC-030031 (5 M; n ϭ 5) or diarylpiperazine (n ϭ 7), nor were they prevented by pretreatment with the antagonists (HC-030031: 5 M, n ϭ 3 and diarylpiperazine: 5 M, n ϭ 4). Similar inhibitory effects on firing (n ϭ 6; p Ͻ 0.05), AP threshold (p Ͻ 0.01), AP overshoot (p Ͻ 0.001), and an increase in duration (p Ͻ 0.01) occurred at higher OA-NO 2 concentrations (Ն0.05 M) in CAPS/AITCunresponsive cells, suggesting that the inhibition was not restricted to putative nociceptive neurons. In cells that did not respond to OA-NO 2 with an inward current or membrane depolarization, application of OA-NO 2 resulted in measurable changes in firing and AP parameters in one of six cells at 0.005 M; 8 of 12 cells at 0.05 M, and 10 of 12 cells at 0.5 M. In contrast, in cells that did respond to OA-NO 2 with a membrane depolarization or an inward current, application of OA-NO 2 resulted in measurable changes in firing and AP parameters in four of six cells at 0.005 M, six of nine cells at 0.05 M, and nine of nine cells at 0.5 M (Fig. 8) .
OA-NO 2 Signaling Actions Are Not Nitric Oxide-Dependent. As reported previously (Taylor-Clark et al., 2009) , the effect of NO donors in DRG neurons is small compared with that seen in response to OA-NO 2 . In addition, in their experiments pretreatment with the NO scavenger cPTIO did not prevent the OA-NO 2 -evoked Ca 2ϩ transients. To determine whether the effects of OA-NO 2 were due to release of NO, experiments were preformed in the presence of the NO scavenger cPTIO (Fig. 9A) . In calcium-imaging experiments, pretreatment of cells with cPTIO (100 M; 5 min) in six neurons that responded to OA-NO 2 alone did not prevent OA-NO 2 -induced increase in [Ca 2ϩ ] i (Fig. 9A) . Likewise, cPTIO did not prevent a further increase in the inward currents evoked by OA-NO 2 when the concentration was changed from 0.05 to 0.5 M (Fig. 9B) or when 0.05 M OA-NO 2 was applied in the presence of the NO scavenger cPTIO (Fig. 9C) .
The inhibition of firing was probably due to inhibition of Na ϩ channels because OA-NO 2 inhibited parameters of firing normally associated with Na ϩ channels: the threshold of firing, overshoot of AP, and maximal rate of rise (dV/dt max ), which occurred independently of TRP channel activation. OA-NO 2 inhibited Na ϩ currents in a concentration-dependent manner (Fig. 9, D and E) , and this effect was also not prevented by cPTIO (Fig. 9, F and G) . 
Discussion
This study addressed the changes in ion channel function induced by an unsaturated fatty acid nitration product that is formed endogenously by NO and nitrite-dependent oxidative inflammatory reactions. Application of low concentrations of OA-NO 2 (0.005-0.50 M) to DRG neurons activates TRPV1 and TRPA1 channels to elicit membrane depolarizations and inward currents that are similar in kinetics to CAPS-and AITC-evoked currents. Higher concentrations of OA-NO 2 (Ͼ0.05 M) also inhibit firing, prolong the AP, reduce AP overshoot, and raise the firing threshold in a majority of neurons regardless of their responsiveness to CAPS and or AITC. The latter effects are consistent with inhibition of both voltage-dependent Na ϩ and K ϩ channels. In most cells, OA-NO 2 -activated currents were blocked by a combination of TRPV1 and TRPA1 antagonists, but the effects of OA-NO 2 on firing were not reversed by these antagonists. OA-NO 2 also induced Ca 2ϩ transients in DRG neurons that responded to CAPS and AITC. It is concluded that OA-NO 2 activates TRPV1 and TRPA1 channels in DRG neurons but may also target unidentified channels.
Although both patch-clamp and Ca 2ϩ imaging experiments revealed that OA-NO 2 activated TRP channels, some apparent discrepancies in concentration-response relationships were noted. These differences are not substantive, however, because we chose higher concentrations in Ca 2ϩ imaging experiments to increase the likelihood of a detectable response in a large population of neurons. Although confirming Ca 2ϩ imaging-based findings, patch-clamp measurements were more sensitive for detecting responses to OA-NO 2 and AITC.
The major component of the OA-NO 2 -induced current or Ca 2ϩ transient is attributed to activation of TRPV1 and TRPA1 channels, because in most experiments the inward currents generated by OA-NO 2 were markedly reduced by TRPV1-(53 Ϯ 6%) or TRPA1 (56 Ϯ 10%)-selective antagonists (diarylpiperazine and HC-030031, respectively). The minor component (Ͻ10 -30%) of OA-NO 2 -activated current jpet.aspetjournals.org that was insensitive to a combination of TRPA1 and TRPV1 antagonists was blocked by DTT, indicating that this response was also dependent on the electrophilic properties of OA-NO 2 .
The differences between our study and another study (Taylor-Clark et al., 2009 ) of the effects of OA-NO 2 may be attributed to species differences (rats in this study versus mouse) or differences in neuronal populations (DRG versus trigeminal and nodose ganglion neurons). We view that in rat DRG neurons, OA-NO 2 activates multiple ion channels (TRPA1, TRPV1, and unidentified channels) and not just TRPA1 channels. This conclusion is based on several observations. First, OA-NO 2 activated inward currents in neurons that were unresponsive to the TRPA1 agonist AITC, indicating that channels other than TRPA1 must be responsive to OA-NO 2 . Second, in these AITC-unresponsive neurons, the OA-NO 2 -induced inward current was markedly reduced by a TRPV1 antagonist (Fig. 9A) . Third, in neurons that were responsive to OA-NO 2 , CAPS, and AITC, the sequential administration of a TRPV1 and TRPA1 antagonist significantly reduced in a stepwise manner the OA-NO 2 current. Fourth, OA-NO 2 induced currents in neurons unresponsive to both AITC and capsaicin, indicating that channels other than TRPA1 and TRPV1 are responsive to OA-NO 2 . Fifth, the TRP Fig. 8 . Effect of OA-NO 2 on membrane potential (A and B) and firing (C-H) in DRG neurons. A, membrane potential change in response to three concentrations of OA-NO 2 . B, concentration-dependent reduction in membrane potential in response to increasing concentrations of OA-NO 2 . C and D, firing triggered by short-duration (10 ms) or long-duration (600 ms) current pulses in control (C) and after addition of OA-NO 2 (0.05 M; D). Current intensity of 0.3 nA (dashed lines in C) was sufficient to trigger an AP in response to short-duration pulses and seven APs during a long-duration pulse. After exposure to OA-NO 2 , the short-duration 0.4 nA stimulus failed to generate an AP, and the longduration stimulus produced fewer APs (dashed lines in D). Higher stimulus intensity (continuous line in D) triggers an AP with a short-duration pulse, and a long-duration pulse elicited fewer APs than in control recordings (D). E, effect of OA-NO 2 on the maximal number of APs generated by long-duration stimuli of submaximal intensities. F, threshold of AP generated by single short pulses (10 ms). G, overshoot of APs generated by single short pulses (10 ms). H, duration of AP at 50% repolarization generated by single short pulses (10 ms channel antagonists were selective because the TRPA1 antagonist did not suppress the response to capsaicin and the TRPV1 antagonists did not suppress the responses to AITC. The selectivity of HC-030031 for TRPA1 versus other TRP channels was also reported in a recent study by other investigators (McNamara et al., 2007) . Sixth, the suppression of electrically evoked action potentials was not prevented or reversed by TRPA1 or TRPV1 antagonists, indicating that mechanisms other than TRPA1/TRPV1 activation contribute to the neural inhibitory effects of OA-NO 2 . Activation of other channels could also explain the differences in the kinetics of OA-NO 2 -and AITC/CAPS-activated currents. OA-NO 2 currents exhibited a decaying phase dominated by a slow component, unlike the decay phase of CAPS- ] i was allowed to recover to baseline. cPTIO was applied for 5 min before and during a subsequent 30-s application of OANO 2 . B, in an AITC/HC-030031-unresponsive cell, OA-NO 2 evoked an inward current that was unaffected by subsequent application of PTIO. Application of 10ϫ more OA-NO 2 in the presence of OA-NO 2 further increased the OA-NO 2 -evoked current and was nearly completely blocked by diarylpiperazine. C, in the presence of cPTIO, OA-NO 2 evoked an inward current that was further increase by submaximal concentrations of AITC and CAPS. In this neuron, the total slowly desensitizing current in the presence of antagonists was blocked by a combined application of diarylpiperazine and HC-030031. Bars above currents traces in B and C represent the time of drug application. Current-voltage curves of Na ϩ currents (D and F) and representative current traces (at Ϫ10 mV, holding potential, Ϫ80 mV; E and G) of OA-NO 2 effects applied at various concentrations as shown in the absence (D and E) and presence (F and G) of cPTIO. cPTIO (0.5 mM) was applied 3 to 5 min before addition of OA-NO 2 (n ϭ 6).
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at ASPET Journals on May 2, 2016 jpet.aspetjournals.org and AITC-evoked currents that exhibited a dominant rapid and a smaller slow component. In addition, there was a significant delay in the OA-NO 2 -evoked currents that was reflected in the onset of the response including lag time, the rise time, and time to peak (Fig. 5E) . One possible explanation for this delay is that OA-NO 2 binds at different sites in the channels than CAPS and AITC that are less accessible to extracellularly applied agonists, thereby requiring a longer time for activation.
Recently, it was reported that omega-3 polyunsaturated fatty acids open TRPV1 channels in a phosphorylation-dependent manner. Thus, pretreatment with a PKC activator (phorbol 12-myristate 13-acetate), which phosphorylates the channel, was necessary to reveal the agonist action of omega-3 fatty acids (Matta et al., 2007) . In DRG neurons, expression of a dominant-negative PKCε speeds up desensitization and reduces the amplitude of CAPS-responses, indicating that there is basal PKC-mediated phosphorylation of TRPV1 channels Srinivasan et al., 2008) . Thus, the effect of OA-NO 2 might be influenced by the phosphorylation state of the TRPV1 channel, with this possibly contributing to the variability in the response to OA-NO 2 in different cells. Studies with oleic acid revealed that the nitroalkene functional group of OA-NO 2 is required to activate TRP channels, because concentrations of oleic acid (5 mM) well in excess of OA-NO 2 failed to induce inward currents in DRG neurons.
In strictly aqueous milieu, OA-NO 2 can undergo a slow Nef-like decay reaction that releases low yields of NO and a carbonyl fatty acid adduct as products, species that might also contribute to the effects of the parent compound on DRG cells . However, the Nef reaction is inhibited when nitro-fatty acids partition into membranes of lipoproteins and cells (Baker et al., 2007; Rudolph et al., 2009) , indicating that NO is not a mediator of OA-NO 2 actions. Although NO activates TRPC channels by S-nitrosylation of cysteine, an action reversed by DTT, this requires very high S-nitrosothiol and NO concentrations (Yoshida et al., 2006) . A modest action of NO donors on TRP channels has been reported by Taylor-Clark et al. (2009) ; however, these effects were minimal in comparison with those of OA-NO 2 . In addition, the use of an NO scavenger (carboxy-PTIO) in their experiments and in rat DRG neurons (this study) did not prevent OA-NO 2 evoked currents or inhibition of firing and Na ϩ currents by OA-NO 2 , supporting the idea that breakdown of OA-NO 2 and release of NO is not responsible for the effects of OA-NO 2 .
The effect of combined application of TRPV1 and TRPA1 antagonists on OA-NO 2 -evoked currents was comparable with that of the reducing agent DTT that competitively reacts with the electrophilic fatty acid (Salazar et al., 2008; Chen et al., 2009) . Thus, the action of DTT on the OA-NO 2 -evoked currents is highly suggestive of an electrophilic interaction of OA-NO 2 with cysteine residues of TRP channels, such as that reported for various pungent compounds and AITC (Hinman et al., 2006; Macpherson et al., 2007) .
In CAPS-and AITC-responsive cells, low concentrations of OA-NO 2 (0.005-0.50 M) increased the firing thresholds, dramatically increased the duration of action potentials, and inhibited firing. The effects of OA-NO 2 on firing parameters suggest that OA-NO 2 may also inhibit voltage-dependent Na ϩ and K ϩ channels. Redox modulation of A-type K ϩ channel activity in DRG neurons has been observed previously (Hsieh, 2008) . In addition, high concentrations of polyunsaturated fatty acids, probably containing thiol-reactive oxidized species, also suppress Na ϩ channels (Xiao et al., 1995; Vreugdenhil et al., 1996) . However, to our knowledge, this is the first report of an effect of nanomolar concentrations of a nitro-fatty acid on firing in DRG neurons. These effects would thus be expected to induce antinociceptive and possible anti-inflammatory effects, due to an action on CAPSsensitive afferent nerve terminals. Similar inhibitory effects also occurred at higher OA-NO 2 concentrations (Ͼ0.5 M) in CAPS/AITC-unresponsive cells, suggesting that the inhibition was not restricted to putative nociceptive neurons.
In summary, in DRG neurons OA-NO 2 activates TRPV1 and TRPA1 channels and induces an inward current and membrane depolarization. If the OA-NO 2 that is generated by cells during oxidative stress reacts with afferent terminals in sufficient concentrations, the initial activation of TRP channels would depolarize the membrane and stimulate release of peptides and other neurotransmitters that could propagate inflammatory responses. Supporting this view are recent findings suggesting that in the spinal cord, oxidative products of linoleic acid mediate inflammatory hyperalgesia by activating TRPV1 channels (Patwardhan et al., 2009 ). However, although the initial effect of OA-NO 2 may be excitatory, prolonged exposure to OA-NO 2 may desensitize the TRP channels and in turn suppress nociceptive and inflammatory responses, an event reflective of the delayed antinociceptive effects of CAPS (Dray, 1992; Wrigglesworth et al., 1996) . The suppression of afferent nerve excitability by high concentrations of OA-NO 2 could thus act in concert with the desensitization of TRP channels to suppress afferent firing and limit the duration and magnitude of inflammatory responses. Thus, OA-NO 2 acts by multiple mechanisms to modulate inflammatory responses (Baker et al., 2007; Li et al., 2008; Wright et al., 2009 ).
